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Abstract

The prophylactic activity of antiretroviral drugs applied as microbicides against sexually 

transmitted HIV is dependent upon their concentrations in infectable host cells. Within mucosal 

sites of infection (e.g. vaginal and rectal mucosa), those cells exist primarily in the stromal layer of 

the tissue. Traditional pharmacokinetic studies of these drugs have been challenged by poor 

temporal and spatial specificity. Newer techniques to measure drug concentrations, involving 

Raman spectroscopy, have been limited by laser penetration depth into tissue. Utilizing confocal 

Raman spectroscopy (RS) in conjunction with optical coherence tomography (OCT), a new lateral 

imaging assay enabled concentration distributions to be imaged with spatial and temporal 

specificity throughout the full depth of a tissue specimen. The new methodology was applied in 

rectal tissue using a clinical rectal gel formulation of 1% Tenofovir (TFV). Confocal RS revealed 

diffusion-like behavior of TFV through the tissue specimen, with significant partitioning of the 

drug at the interface between the stromal and adipose tissue layers. This has implications for drug 

delivery to infectable tissue sites. The new assay can be applied to rigorously analyze microbicide 

transport and delineate fundamental transport parameters of the drugs (released from a variety of 

delivery vehicles) throughout the mucosa, thus informing microbicide product design.
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Introduction

Many drugs are applied topically for local activity in mucosal tissue. Microbicide drugs and 

products are currently being developed for activity in preventing infection by sexually 

transmitted HIV and other pathogens within the vaginal and rectal mucosa[1]. Notably, 

exposure of the rectal mucosa to sexually transmitted HIV has a higher likelihood of 

infection than exposure of the vaginal mucosa[2–4]. Rational design and performance 

evaluation of microbicides benefit from objective understanding of the determinants of the 

pharmacokinetics (PK) achieved by candidate products[5, 6]. This understanding informs 

choices in drug vehicle design and loading and in determining optimal dosage regimens. 

Further, it can guide choices in the design and interpretation of PK studies – for example, 

optimal sampling times to capture the time dependence of drug transport and details of drug 

concentration measurements within sampled mucosal tissue (e.g. in biopsies)[6–9].

Drug transport from a vehicle inserted into the vaginal or rectal lumens ‘down’ into the 

mucosa is a transport process that is diffusional or diffusion-like[10]. Drug concentration is 

not uniformly distributed with respect to depth in the tissue, and it varies temporally, as well. 

This spatiotemporal variability challenges measurements of drug concentrations in biopsy 

specimens; those measurements are traditionally performed by first homogenizing the tissue 

and then attaining mass-averaged concentrations by analytical methods such as HPLC or 

LC-MS/MS[11–14]. Such mass averages do not capture partitioning of drug between 

structurally different layers in the mucosa, i.e. the epithelium and stroma (lamina propria)[7, 

8, 15, 16]. The human vaginal mucosa has a stratified squamous epithelium that varies in 

thickness from about 150 – 200 μm, depending upon factors such as the phase of the 

menstrual cycle[17]. The human vaginal stroma is about 3 mm thick, and is comprised 

primarily of connective tissue, with small concentrations of cells, a vasculature, and 

lymphatics[18]. The rectal mucosa has a very different structure. The epithelium consists of 

a single columnar layer of cells about 25 μm thick that is configured around crypts which 

penetrate into the stroma[19]. That stroma is about 1 mm thick, and is comprised of 

connective tissue, vasculature, plasma cells, and lymphocytes; beneath it is a lipid layer that 

lies above the submucosa. Cells in the stroma are a primary site of infection by sexually 

transmitted HIV, as this layer houses a host of infectable immune cells including 

macrophages, dendritic cells, and CD4+ T cells. Depending upon the physicochemical 

properties of the drug (e.g. hydrophilic vs. hydrophobic/lipophilic) and the target mucosa 

(vaginal or rectal), as well as the thicknesses of biopsies, mass averaged concentrations 

within the biopsies may overestimate or underestimate drug concentrations within the 

stroma, where antiretroviral drugs primarily act against HIV[7, 8].

Other methods exist which could enable determination of spatially varying concentration 

profiles. HPLC or LC-MS/MS can be used in combination with tissue sectioning to produce 

a spatial map of drug concentrations throughout the tissue[20]. However, such sectioning-

based techniques depend upon the precision of the sectioning method, necessitate 

destruction of a specimen during analysis, and do not account for temporal variations in 

concentration. Sample-to-sample variability of tissue also frustrates attempts to identify 

meaningful differences in concentrations at different depths or to compare samples between 

different time points. Non-invasive techniques are appealing in that the integrity of the tissue 
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can be maintained. Attenuated total reflection Fourier transform infrared spectroscopy 

(ATR-FTIR) is one such method and has been used in studies of drug diffusion, particularly 

for dermal applications[21]. When combined with tape-stripping or tissue-sectioning, it can 

provide a sensitive map of concentration within different layers. However, the strong 

absorbance of water in the IR region prevents the analysis of hydrated tissue samples using 

this technique. Alternatively, Raman spectroscopy, the technique employed in this study, is 

ideally suited for hydrated samples since water is a weak Raman scatterer. Raman also 

provides more spatial and spectral specificity when compared with IR techniques, making it 

an especially attractive method for analyzing the distribution of drugs within the target 

mucosa.

Fundamental to mechanistic understanding of microbicide drug pharmacokinetics is 

knowledge of salient drug transport parameters within the vehicle and host environment – 

e.g. the diffusion and partition coefficients for all compartments in the system (e.g. vehicle, 

epithelium, stroma). These have intrinsic value in interpreting and comparing rates of drug 

transport, more so than the traditional permeability parameter which is a tissue volume-

averaged parameter related to both the diffusion and partition coefficients throughout a 

specimen[22]. The diffusion and partition coefficients are also key inputs to deterministic, 

computational compartmental modeling of PK, which informs both fundamental 

understanding of drug delivery and its application in product design and performance 

evaluation[5, 6].

Previously, we introduced and applied confocal Raman spectroscopy (RS) and optical 

coherence tomography (OCT) to analyze microbicide diffusion into mucosal tissue[10, 16]. 

First, we developed and described a basic method for applying Raman to obtain drug 

concentration profiles[10, 16]. Then, we improved the methodology technically and applied 

it to obtain diffusion and partition coefficients of the non-nucleotide reverse transcriptase 

inhibiting drug, tenofovir (TFV), in a gel vehicle[22] and in the epithelial and stromal layers 

of vaginal mucosal tissue[23]. Tenofovir is a primary anti-HIV drug that is used orally for 

both HIV infection therapy and prevention[24]. It is currently being evaluated for topical 

application for HIV prophylaxis[25]. Our previous methodology employed confocal Raman 

imaging, co-registered with OCT, in a configuration in which the imaging beam focused 

‘down’ through the layers of vehicle and excised mucosal tissue, i.e. ‘z-scans’. Such 

scanning is challenged by light scattering as the plane of focus is moved deeper into the 

tissue. The practical scanning depth is about 300 μm below the surface, which is 

approximately equal to the transport length or reduced mean free path of near-infrared light 

in the tissue[16]. Since the thickness of the stroma and its depth below the mucosal surface 

can be much greater than this distance, there is considerable motivation to create and apply a 

method for measuring drug concentrations at such depths. Here, we introduce such a 

method. The imaging beam now strikes the tissue from the side, rather than the apical 

surface of a specimen, which we refer to as “lateral.” The confocal imaging plane is fixed, 

and the tissue specimen is mechanically moved left and right relative to the imaging beam. 

This creates a scan in the normal direction with respect to the epithelial surface, at a fixed 

depth from the lateral edge. In the study here, we have applied the method to specimens of 

excised porcine rectal tissue to measure drug concentrations at increased depths below the 
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epithelial surface. We again utilized tenofovir as the target molecule with which to 

implement the methodology.

Materials and Methods

A. Materials

Porcine rectal tissue was harvested from pigs obtained from a local abattoir immediately 

after slaughter (Hatley Family Farms, Hurdle Mills, NC). Tissue was transferred to the lab in 

ice-cold, modified Krebs buffer (115 mM NaCl, 2.4 mM K2HPO4, 0.4 mM KH2PO4, 1.2 

mM CaCl2, 1.2 mM MgCl2, 25 mM NaHCO3, bubbled with carbogen) formulated to a pH 

of 7.3–7.4 to more closely match the environment in the rectum[26]. Surgical scissors were 

used to remove excess fat, muscle, and connective tissue external to the mucosa. Excised 

tissue samples (~3×3 cm) were then cleaned with modified Krebs buffer, snap frozen in 

liquid nitrogen, and stored at −80°C prior to analysis.

Pure tenofovir (TFV) was kindly provided by the CONRAD program (Arlington, VA). TFV 

rectal gel and matched placebo gel used in these experiments were kindly provided by 

Professor Lisa C. Rohan (University of Pittsburgh, School of Pharmacy). The gel was 

formulated with 1% TFV as well as Carbopol® 947P NF, sodium carboxymethylcellulose, 

methyl paraben, propyl paraben, glycerol, edetate disodium (EDTA), sodium hydroxide, and 

purified water. This was the same rectal specific microbicide formulation used in the 

CHARM-01 and CHARM-02 rectal microbicide studies[3, 27, 28].

B. Histology

Samples of rectal mucosa (~2.5×5 cm) positioned at different locations 0 to 25 cm proximal 

to the anal sphincter were excised for histological analysis. Standard hematoxylin & eosin 

staining and interpretation were performed by the Histopathology Core at the Duke School 

of Medicine, Department of Surgery. Interpretation was provided by a pathologist, Dr. 

Jeffrey Everitt, in the Animal Pathology Core at Duke University, Department of Pathology.

C. Raman Spectral Acquisition

All Raman spectra were acquired on a custom built confocal Raman system with co-

registered optical coherence tomography (RS-OCT)[16]. The confocal RS subsystem utilizes 

a 785-nm laser diode (LD785-SH300, Thorlabs Inc., Newton, NJ) that delivers 

approximately 38 mW of power to the sample plane. A water immersion objective (W Plan-

Apochromat 40x/1.0, Carl Zeiss Microscopy, LLC, Thornwood, NY) was used, which yields 

high axial and lateral resolutions of 11 μm and 5.5 μm respectively for the confocal RS 

subsystem. The OCT subsystem has axial and lateral resolutions of 6 μm and 44 μm, 

respectively, with a lateral field of view of 530 μm. Thus, drug distribution and tissue 

morphology can be imaged and analyzed with sub-100 μm resolutions. Axial and lateral 

resolutions were quantified using a protocol defined previously[16].

Additionally, the confocal RS-OCT setup includes a temperature-controlled, motorized 

stage, allowing the sample to be maintained at physiological temperature (37°C) throughout 

the duration of experiments. Motorized translation of the stage was controlled with custom 
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software written in LabVIEW (National Instruments, Austin, TX), enabling data to be 

collected from precise locations within the tissue sample. All raw spectra were processed 

using a custom MATLAB script that has been described previously[16].

D. Standard Calibration Curve of TFV in Tissue

Prior to measuring spatiotemporal drug distributions, a standard calibration curve was 

generated using homogenized drug and tissue samples to relate Raman spectral intensities to 

known, absolute concentrations of TFV. Freshly excised rectal tissue was cleaned, and 

surgical scissors were used to remove excess fat and connective tissue external to the 

mucosa. Tissue specimens were manually homogenized using surgical scissors before being 

transferred to a Bead Ruptor12 Homogenizer (Omni International, Inc). Samples were 

processed in the homogenizer for a total of 12 cycles (20 second homogenization, 1 minute 

on ice). The cool-down period was incorporated to prevent tissue damage due to 

overheating.

A total of 12 dilutions of TFV in tissue homogenate were prepared, ranging from 0 to 

1.24 %w/w. These dosages were chosen to span (and exceed) the range of concentrations 

likely to be observed in tissue as delivered from a 1% TFV clinical rectal gel. Dosed tissue 

homogenates were mixed manually and then homogenized for 5 cycles using the protocol 

delineated above. Samples were then immediately transferred to the RS-OCT system for 

Raman spectral analysis. Five different locations were imaged for each sample in order to 

obtain an averaged value of concentration within the tissue sample. A Raman spectrum of 

pure TFV was acquired by imaging a 1 %w/w solution of TFV in alkalinized water (50 mM 

NaOH) and subtracting a separately acquired spectrum of control solution[10].

Processed spectra were analyzed using MATLAB R2014b (MathWorks, Natick, MA) 

software. The data were least-squares fit with separately-acquired spectra of TFV and rectal 

tissue mucosa[16]. A standard curve was established which related the spectral contribution 

of TFV ( AUC TFV
AUC Tissue , AUC = Area Under the Curve) to known concentrations of TFV in a 

sample. A representative fit with spectral contributions of tissue and TFV is shown in Figure 

1.

E. Lateral Assay

An assay was designed in which the optical axis was parallel, rather than normal, to the 

epithelial surface (Figure 2a). The setup consisted of a quartz capillary tube (VitroTubes, 

inner Ø = 2.0 mm, outer Ø = 2.4 mm) into which tissue and drug vehicle were loaded before 

being transferred to the RS-OCT system for analysis. The configuration of the assay is seen 

in Figure 2.

Prior to acquiring spatiotemporal measurements with confocal RS-OCT, snap frozen porcine 

rectal tissue was thawed in a water bath at 37°C. Parchment paper was applied to the basal 

and apical surfaces of the tissue before excision to help maintain the structural integrity of 

the mucosa. Tissue was then punched using a size 5 mini punch (C.S. Osborne & Co, 

Harrison, NJ) and loaded into a quartz capillary tube that had been pre-loaded with 5 μL of 

Matrigel (BD Biosciences, San Jose, CA). The addition of Matrigel mitigated gel leakage by 
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creating a seal between the tissue and quartz surface. The tissue was transferred to a Heracell 

240 incubator and maintained at 37°C and 5% CO2 for 5 minutes. Next, 0.02 to 0.04 mL of 

1% TFV gel was applied to the apical surface of the tissue. The ends of the quartz capillary 

tube were sealed with wax to prevent convective flow of the TFV gel due to influx of water. 

Timing of the experiment began when the gel was applied to the tissue surface. The tube was 

transferred to an aluminum holding chamber (Figure 2b), which could be flooded with water 

in order to interface with the water immersion objective of the confocal RS-OCT system. 

The sample was maintained at physiological temperature (37°C) throughout the experiment. 

The quartz-tissue interface (z=0) was identified by measuring the disappearance of the 

quartz peak near 270 cm-1[29] as the excitation beam was scanned across the interface. 

Since the epithelial surface of colorectal tissue is non-uniform, it is difficult to set a baseline 

for the apical surface of tissue that will be exact across all z-locations. Thus, the imaging 

plane was set to depth of 100 μm below the quartz surface, and the gel-tissue interface (x=0) 

was defined with reference to this depth. In brief, the OCT subsystem was used to visualize 

the gel-tissue interface (x=0) at a depth of z=100 μm below the quartz surface; the location 

was confirmed with the confocal RS subsystem by measuring the emergence of the 

phenylalanine peak of tissue as the excitation beam was scanned across the interface[30]. 

This allowed the scanning location to be normalized with respect to a constant epithelial 

surface.

Raman spectra were acquired from 100 μm below the quartz surface at approximately 30 

locations (2 in gel and at least 28 in tissue). Five frames of data, each with a 15-second 

exposure time, were acquired. The frames were averaged to produce a single Raman 

spectrum per spatiotemporal position. This scanning procedure was repeated 3 times; the 

gel-tissue interface was re-located after each scan to account for any tissue swelling or 

shrinkage.

Processed spectra were ordinary least-squares fit with separately acquired spectra of placebo 

gel, gel components (Carbopol® 947P NF, sodium carboxymethylcellulose, methyl paraben, 

propyl paraben, glycerol, and EDTA), rectal tissue (mucosa and lipid), and TFV. The 

absolute concentrations of TFV versus time and space were determined using the standard 

calibration curve established with homogenized samples as described above.

Results

A. Standard Calibration Curve and Raman Sensitivity

Raman spectra of TFV dilutions in tissue homogenate revealed a strong linear correlation 

(R2=0.97, p<0.001) between TFV spectral contribution and absolute TFV concentration in 

the sample. TFV spectral contributions within each homogenized sample were relatively 

uniform over all 5 locations imaged (data not shown), while TFV spectral contributions 

between samples decreased with decreasing concentration as expected (Figure 3a). Figure 3b 

shows the standard curve for TFV in rectal tissue. The limit of detection (LOD) of TFV in 

rectal tissue was approximated as the root mean squared error of prediction (RMSEP)[16, 

31]. Here, the LOD was found to be 0.06 %w/w.
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B. Associating Measures by Confocal RS and OCT

The lateral orientation of the imaging path in the assay enabled confocal RS measurements 

at depths well beyond those attainable using a standard ‘z-scan’ setup. A representative set 

of spectra spanning locations up to 500 μm below the apical surface can be seen in Figure 

4a. A distinct spectral shift was evident around 360 μm and corresponded to a reduction in 

the TFV peak intensity at 725 cm−1. This appeared to indicate a distinct region of tissue that 

presented a barrier to the diffusion of TFV. Corresponding changes in OCT images were also 

evident, revealing differences in tissue morphology that were associated with changes in 

spectral features (Figure 4b).

The spectral and morphological images obtained on the confocal RS-OCT system 

corresponded well with histological analysis of porcine rectal tissue samples. These 

histological images revealed a single-cell layer of epithelium under which lay the stroma and 

a thick adipose tissue layer (Figure 5). This is structurally similar to the morphology of 

human rectal mucosa. Additionally, the permeability of colorectal tissue has been shown to 

be similar between porcine and human samples[32]. Together, this renders porcine tissue a 

good model for analysis of drug delivery to human rectal mucosa.

C. Spatiotemporal Profiles of TFV in Rectal Tissue

Figure 6 shows a representative spatiotemporal diffusion profile acquired using the 

horizontal assay setup. Spectra were acquired through the full length of the epithelium and 

stromal layers (0 μm ≤ × < 380 μm) and into the adipose tissue layer (x ≥ 380 μm). As noted 

previously, concentrations of TFV fell to negligible levels within the adipose layer. 

Partitioning of drug at the gel-epithelial interface was also evident, with TFV concentrations 

dropping from a 1.00 %w/w loading in gel to a concentration of 0.48 %w/w at the first 

sample point in tissue (x depth=20 μm, time=29 min). The spatiotemporal profile of TFV 

concentration exhibited some diffusion-like behavior, with drug concentration decreasing 

with distance from the source and increasing with time after application. However, across 

locations within 200 μm of the gel-tissue interface, concentration remained relatively 

invariant with distance (see Discussion).

Discussion

We have introduced a new method for analyzing the transport of drugs through a tissue 

medium, enabling quantitative Raman measurements at depths unattainable using a standard 

‘z-scan’ geometry. Here, the optical axis is parallel to the epithelial surface rather than 

normal to it. We demonstrated use of this lateral assay to analyze the transport of TFV from 

a 1% clinical rectal gel formulation into porcine rectal mucosal tissue. Previous work has 

established the utility of our confocal RS-OCT system for analyzing drug concentrations 

with high specificity in fluid, gels, and vaginal tissue, each of which constitute important 

matrices in anti-HIV microbicide development, either as delivery vehicles (fluids, gels)[22, 

34] or as target sites (vaginal mucosa)[16, 23]. The strong correlation between TFV absolute 

concentration and the corresponding TFV spectral contribution in rectal tissue homogenate 

(Figure 3) indicates that this technique can be applied not only for qualitative identification 

of TFV, but also for quantitatively specific measurements of TFV concentration in rectal 
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mucosa. In vivo rectal biopsy data in the RMP-02/MTN-006 clinical trials has shown that 

median TFV concentration ranges between 4 and 10 ng/mg (0.0004 and 0.001 %w/w) at 30 

minutes post-application when using a 1% TFV vaginal gel formulation[35]. This is 60–150 

times lower than the LOD of our methodology. However, concentrations measured from 

biopsies using LC-MS/MS methods represent only the mass-averaged concentration. In 

reality, concentrations will be much higher at superficial depths and drop off with distance 

from the gel delivery vehicle. Consequently, thicker biopsies may underestimate the true 

TFV concentration in the epithelium and stroma[8]. A recently developed pharmacokinetic 

model of TFV delivery to the rectum indicates expected concentrations in the rectal stroma 

that are well above the LOD determined for our system[8]. The method here, therefore, 

provides sufficient sensitivity for analysis of local TFV concentrations at physiologically-

relevant levels through the full depth of rectal stroma. The expansion of this methodology to 

rectal tissue, which is highly susceptible to HIV infection,[2–4, 36] thus provides another 

tool in the analysis of drug pharmacokinetics and in design and optimization of anti-HIV 

microbicides.

In this study, porcine rectal mucosal tissue was used as a model for human rectal mucosa. 

Histological analysis (Figure 5) revealed a high structural similarity to human rectal tissue. 

This distinct structure contributes to the higher susceptibility to infection of rectal vs. 

vaginal mucosal tissues. Unlike vaginal tissue, which consists of a thick, stratified squamous 

epithelial cell layer[17], rectal mucosa has only a single-cell layer of columnar epithelium 

which is 6 to 8 fold thinner than the vaginal epithelial layer. While this makes it more 

permeable to hydrophilic drugs such as TFV, it also provides less of a barrier to virion entry 

than vaginal mucosa[8, 19]. Beneath the epithelial layer lies the stroma, populated with a 

host of infectable immune cells[2, 19]. Underneath the stroma lies an adipose tissue layer 

along with the submucosa; these layers, too, may contain infectable immune cells[37].

This assay, for the first time, enabled Raman spectroscopic acquisition from the mucosal 

surface, through the full length of stroma, and into this adipose tissue layer. For porcine 

samples, that layer was seen to begin 380 – 1000 μm below the mucosal surface. Acquisition 

of confocal RS data from these depths is generally not possible due to scattering in the 

overlying tissues[16, 34]. Using this new lateral assay, we were able to visualize a 

significant drug partitioning effect at the stromal-adipose layer interface. It is likely that the 

presence of a thick, hydrophobic, adipose tissue layer in rectal tissue presents a barrier to 

hydrophilic drug diffusion, as was evident both in qualitative observation of the spectra 

(Figure 4a) and in quantitative analysis of concentration (Figure 6). This could have both 

pharmacokinetic and pharmacodynamic implications, since tenofovir transport to regions 

within and beyond this adipose layer would be diminished. To the extent that infectable cells 

lie within them, this would reduce protection against their infection by HIV virions, 

provided they can enter and transit the adipose layer.

Another notable transport feature evident in the TFV concentration profiles (Figure 6) was 

the relative invariance of concentrations across distances near the surface. While TFV 

concentrations did decrease with distance from the surface and increase with time at 

locations past 200 μm, more superficial locations (0 – 200 μm) revealed a relatively flat 

concentration profile. This could have been due to structural damage to the tissue surface. 

Presnell et al. Page 8

Drug Deliv Transl Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The rectal tissue utilized in this experiment was snap frozen in liquid nitrogen after 

harvesting and then thawed prior to testing. Such procedures have a relatively small effect on 

drug permeation of vaginal and cervical mucosal tissue[38–40]. However, here, it is possible 

that such processing did damage to the superficial tissue structure[41]. This would increase 

drug permeability in that region. Thus, further studies of drug permeation in rectal tissue 

should be conducted with freshly harvested specimens.

Demonstration of this new method was conducted using the leading anti-HIV microbicide 

TFV. However, the suitability of this technique must be established on a case by case basis 

for each analyte of interest and may not be compatible with all drugs. Most importantly, for 

a drug to be detectable using this technique, it must present in tissue at concentrations high 

enough to be distinct from tissue and solvent bands[10]. We also note that, while this 

method does account for the spatiotemporal variability of drug concentration, it does so in 

1D. Measurements can only be taken at a single spatial location per time point. Additionally, 

in order to achieve sufficient sensitivity, each measurement spanned a period of 75 seconds 

(5 frames, 15 seconds each), during which time diffusion is still occurring. In the formal 

computation of diffusion coefficients, this would need to be taken into account[23]. 

Fluorescence recovery after photobleaching (FRAP) is capable of imaging diffusion within a 

plane rather than at discrete points, and has been used to determine the diffusion coefficient 

for 2D and even 3D models of diffusion[42, 43]. However, this technique requires the 

conjugation of fluorescent tags to the molecule of interest. This could change its size and, 

therefore, its diffusion behavior. Further, FRAP is limited to measurement of diffusion over 

relatively small length scales, i.e. of the order of 10 μm[44]. Diffusion rates in structured 

media may be different over those scales and the larger one that is biologically relevant here. 

Finally, the photobleaching process and the related increase in temperature can damage 

tissue samples and impact diffusion measurements, making it less attractive in applications 

such as the one presented in this study.

Overall, this study provides initial proof of concept for the utility of this assay in analyzing 

drug transport through the full depth of excised tissue samples. Imaging with confocal RS-

OCT in our previous experiments was limited to a maximal depth of 300 μm in tissue[16]. 

This penetration depth could be less in highly scattering tissue samples or in experiments 

which include an overlayer of gel on tissue (for example, real time diffusion experiments)

[34]. Previously, that limitation restricted the applicability of confocal RS-OCT techniques 

to transparent, low scattering microbicide drug vehicles. However, anti-HIV drugs currently 

exist in a wide variety of delivery forms including enema, suppository, gel (opaque and 

transparent), film, ring, and fast dissolving insert[45–47]. The optical properties of a 

majority of these are incompatible with Raman analysis using a ‘z-scan’ configuration. This 

new assay would not only allow scans to be completed through the full length of tissue, but 

would be compatible with opaque and solid delivery forms of Raman visible drugs. The 

spatial and temporal specificity of the confocal RS-OCT system, as applied in this assay, 

could then be utilized to obtain drug transport parameters (i.e. diffusion and partition 

coefficients) both within and between the drug vehicle and tissue surface and also within and 

between the different layers of tissue. In conjunction with deterministic computational 

modeling that inputs these parameters, such information can contribute to improved 

microbicide product design and optimization[5, 6].
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Conclusion

We successfully developed and applied a laterally oriented imaging path assay for obtaining 

temporally and spatially specific measures of TFV concentration throughout the full depth of 

excised rectal mucosal tissue. Confocal RS and OCT revealed structural differentiation of 

the mucosal and adipose tissue layers, while Raman spectral analysis revealed a significant 

tenofovir partitioning effect at this layer boundary. The information gathered from this assay 

highlights its utility in analyzing transport of microbicides through tissue and is not limited 

by light scattering that prevents deep tissue measurements using ‘z-scans’. Its potential for 

delineating fundamental transport parameters of microbicides from a variety of delivery 

forms renders this assay an asset in the development of anti-HIV microbicides.
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Figure 1. 
Representative least-squares fit of TFV-dosed tissue homogenate (1.24 %w/w). The spectral 

contributions of tissue (blue) and TFV (red) can be visualized and quantitatively analyzed, 

allowing the relative spectral contribution of TFV to be computed as AUC TFV
AUC Tissue ; AUC = 

Area Under the Curve.
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Figure 2. 
a) Depiction of the lateral assay and b) aluminum holding chamber for interface with the 

water immersion objective; penny is shown for scale. Tissue was placed inside a 2.0 mm 

diameter quartz capillary tube, dosed with gel, and the ends sealed with wax. The prepared 

sample was then placed in an aluminum holding chamber, flooded with water, and 

transferred to the temperature-controlled, motorized stage for imaging with the confocal RS-

OCT system. Scanning was conducted from the apical tissue surface through to the adipose 

tissue (lipid) layer that follows the stroma. All data points were taken at the same depth from 

the quartz surface. The horizontal coordinate location x=0 was defined as the tissue-gel 

interface.
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Figure 3. 
a) TFV spectral peak at 725 cm−1 in tissue (TFV) decreased with decreasing concentration, 

while tissue contribution remained relatively constant as seen by the intensity of the 

phenylalanine peak at 1000 cm−1 (Phe). b) Raman determined concentrations of TFV were 

strongly, linearly correlated with absolute concentration of TFV in homogenized rectal 

tissue (R2 = 0.97, p<0.001). From the root mean squared error of prediction, the limit of 

detection (LOD) was determined to be 0.06 %w/w for this prediction model. The standard 

curve was determined as Y=10.16*x; Y=absolute concentration, x=relative TFV spectral 

contribution
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Figure 4. 
a) Raman spectra at increasing depths into tissue. TFV contributions are visible at the 725 

cm−1 peak (boxed) and were seen to drop to negligible levels beyond 360 μm. Spectra 

beyond 360 μm corresponded to Raman shifts characteristic of lipid[33]. b) The change in 

spectral trace correlated to a change in tissue morphology observable with OCT. A=adipose 

tissue, M=mucosal tissue (epithelium and stroma).
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Figure 5. 
Histological analysis of porcine rectal tissue (H&E stain) revealed a single-cell layer of 

columnar epithelium under which lay the stroma and a thick layer of adipose tissue. This 

corresponds well with the Raman spectra and OCT images shown in Figure 4.
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Figure 6. 
Real-time TFV concentration profiles taken at increasing depths into tissue. As anticipated, 

concentration decreased with distance from the gel interface (x=0 μm) and increased with 

time (Scan 1 < Scan 2 < Scan 3). TFV concentration dropped to negligible levels within the 

lipid layer (x ≥ 380 μm). Of note, there was also a region of relatively invariant 

concentration between 0 and 200 μm.
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